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We examined whether 18-, 24-, and 42-month-old children, like adults, prospectively adjust their hand
movements to insure a comfortable hand posture at the endpoint, and whether children can learn to
grasp efﬁciently by observation. The task required grasping a bar and ﬁtting it into a hollow cylinder
in order to make it light up. Measures of quantitative (grip height), as well as qualitative (grip type) pro-
spective grip adaptation were analyzed. Grip height adaptation was found reliably by 24 months, grip
type adaptation by 3 years. The ability to learn efﬁcient grasping by observation seems however very
restricted.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The planning of ﬂexible goal-directed actions is a complex task.
It requires the adaptation of movements to environmental con-
straints as well as a choice among adequate strategies for achieving
the goal. For infants and young children, the mastery of even habit-
ual everyday tasks, such as using a spoon in an efﬁcient manner,
poses a challenge (McCarty, Clifton, & Collard, 1999). The present
studies investigate the development of action efﬁciency, with a fo-
cus on two aspects. The ﬁrst concerns age-related changes in the
efﬁciency of the spontaneous adaptation to demands in an unfa-
miliar problem-solving situation. Children were required to grasp
a bar and insert it into a cylinder in order to switch on a light.
We analyzed different parameters of efﬁciency of children’s grasp-
ing actions, including the appearance of grip adaptation similar to
the end-state comfort effect (Rosenbaum et al., 1990; Rosenbaum,
Vaughan, Barnes, & Jorgensen, 1992) and grip height. The second
aspect concerns the mechanisms by which children learn to act
more efﬁciently. Speciﬁcally, the question was in how far children
learn to improve the efﬁciency of their strategies by observing
others.2. The role of prospective control for action
A successful interaction with the environment requires the
anticipation of future states, that is, prospective control (Prinz,ll rights reserved.
sen.de (B. Jovanovic).1997; von Hofsten, 1993). Even the task of obtaining an object re-
quires choosing an adequate movement, and anticipatorily adjust-
ing motor parameters, in order to achieve the desired outcome. The
extent to which aspects of future states are represented at the out-
set of an action can be investigated by analyzing the adjustment of
different motor variables occurring before the initiation or during
an action. Corresponding processes of action preparation have pri-
marily been studied in simple grasping tasks. Examples include the
anticipatory scaling of grip aperture relative to the perceived size
of a stimulus (Jeannerod, 1981, 1984).
The extant developmental literature suggests that prospective
control develops gradually. Early on, infants seem to represent goal
states without a detailed representation of the means to reach
these goals. Thus, their hand adaptation to object features, for
example, is rather retrospective than prospective, occurring only
after object contact and thus being mainly inﬂuenced by haptic
feedback (Lockman, Ashmead, & Bushnell, 1984). However, toward
the end of the ﬁrst year, infants become able to adapt their grips
anticipatorily according to the size (von Hofsten & Roennqvist,
1988) or orientation (Lockman et al., 1984) of an object. It is
approximately during that time that infants also make important
steps in general means-ends reasoning, which allows them to plan
their actions in advance by being able to consider adequate means
for speciﬁc end states (Willatts, 1999).
Numerous studies indicate that the way objects are grasped re-
ﬂects not only proximal aspects of preparation – like the adapta-
tion to object features for successful grasping – but also more
distal planning processes involved in multi-step actions like grasp-
ing an object for further manipulation. For example, adult subjects
(Marteniuk, MacKenzie, Jeannerod, Athenes, & Dugas, 1987), as
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take more time for grasping an object in a task-context with high
than in a task-context with low precision requirements. Another
example of longer-scale preparation that is central to the present
paper is the end-state comfort effect (e.g. Rosenbaum et al.,
1992). This term refers to the ﬁnding that when grasping objects,
adults adapt their initial hand orientation to insure a comfortable
posture at the end position, accepting an uncomfortable orienta-
tion at the beginning. In an experiment by Rosenbaum et al.
(1990), subjects were given the task to replace a horizontal bar into
a vertical position, with one of the halves pointing up. Depending
on the starting orientation of the bar and the required end-posi-
tion, a consistent pattern of grip choices across subjects was found:
initial grasps varied in terms of underhand (palm turned up) or
overhand (palm turned down) orientation, so that they always re-
sulted in a comfortable end-position of the hand with the thumb
pointing upward and towards the body. In a similar vein, the grasp
point can provide information about planning processes. In one
study by Cohen and Rosenbaum (2004), subjects transported a
dowel from one speciﬁc shelf to a goal shelf of varying heights.
They found a systematic relation between the height of the initial
grasp and the height of the dowel’s end-position: the higher the
planned end-position was, the lower the dowel was grasped. These
phenomena, subsumed under the label ‘‘end-state comfort effect’’,
have been interpreted in terms of an attempt to maximize motor
control at the endpoint of the movement: subjects try to minimize
awkwardness by avoiding extreme joint angles at the end of a
movement for the sake of precision. The precision hypothesis has
been supported empirically (Short & Cauraugh, 1999). Thus, in
principle, the end-state comfort phenomenon is a way of maximiz-
ing action efﬁciency. The key question of the present series of stud-
ies is when corresponding indicators of efﬁciency begin to develop
and whether children can learn to act efﬁciently through
observation.
Several developmental studies have investigated the end-state
comfort effect in children. Manoel and Moreira (2005), for exam-
ple, tested children from 2.5 to about 6 years. Children had to pick
up a horizontal bar with two differently colored ends and insert it
into a hole in a box. Depending on the side to be inserted and the
laterality of the grasping hand, children were expected to display
different grasping patterns as indicator of the end-state comfort ef-
fect: left vs. right overhand or underhand grips. The authors found
no clear indication of a systematic end-state comfort effect, but a
high variability in children’s grasps coupled with a strong prefer-
ence for right overhand grips. Similarly, Adalbjornsson, Fischman,
and Rudisill (2008) and Thibaut and Toussaint (2010) found very
low performance in subjects under the age of 6 years. These studies
led to the conclusion that children under 6 years are very restricted
in the way they are able to plan their actions ahead efﬁciently, and
the full-blown end-state comfort effect does not emerge before 10
years of age.
This contrasts with studies investigating grip adaptation in in-
fants by looking at the development of the competence to perform
everyday actions, such as using a spoon (e.g. Achard & von Hofsten,
2002; Connolly & Dalgleish, 1989; McCarty & Keen, 2005; McCarty
et al., 1999). When self-feeding, the child not only has to adapt the
grip to the position of the spoon, but also to anticipate the conse-
quences of a speciﬁc grip in relation to the spoon’s ultimate goal-
position, i.e., the mouth. In a study on spoon-use by McCarty
et al. (1999), with 9-, 14-, and 19-month-old infants the orienta-
tion of the spoon was varied across trials, so that on some trials in-
fants’ preferred retrieval strategies – grasping the spoon with the
preferred hand and/or using an overhand grip – would be unsuc-
cessful or extremely awkward. Infants progressed from a relatively
unplanned way of grasping the spoon at 9 months of age to fully
considering the spoon’s orientation in relation to the mouth andadjusting their grip adequately before grasping the spoon by
19 months of age. The authors delineated a developmental se-
quence of four strategies to describe their ﬁndings. The youngest
children, thus, acted based on a ‘‘feedback strategy’’: grasps were
mainly inﬂuenced by existing preferences (i.e. overhand grip with
preferred hand) and strategies were corrected only based on out-
come-related feedback. Most 14-month-olds endorsed the par-
tially planned strategy: the transport sequence was planned and
children were able to make corrections during transport. By
19 months, children acted on the basis of a ‘‘fully planned strat-
egy’’, in which the orientation of the spoon was considered before
the reach and the plan incorporated both, the goal of the action,
and the adequate means to reach it. Obviously, with increasing
age, infants succeed to incorporate an increasing number of steps
into their action plans, whereby end-states seem to be represented
earlier than means. This corresponds to the general course of
development of prospective control outlined above. The spoon
feeding studies capture some aspects of end-state comfort: infants
substituted preferred hand positions at the beginning of the action
in order to feed themselves without spilling the food. However,
spoon feeding is a skill that has evolved over an extended period
of time, and therefore might elicit more advanced strategies than
the abstract tasks presented to older children. Accordingly, Barrett,
Davis, and Needham (2007), demonstrated that infants’ experience
with speciﬁc tools inﬂuences their subsequent tool use in that in-
fants tend to acquire highly speciﬁc routines for grasping these
tools. This could explain why children are so efﬁcient in spoon-
use tasks but inefﬁcient in bar transport tasks: while in the
spoon-feeding task infants might rely on efﬁcient, habitual solu-
tions, on novel tasks they might fall back on lower levels of efﬁ-
ciency. Other explanations for the poor performance in the
studies with older children might include, for example the rela-
tively low precision requirements in some studies (Adalbjornson
et al.). Furthermore, concerning the studies by Manoel and Moreira
(2005) and Thibaut and Toussaint (2010), the children’s compe-
tence might have been masked by a strong preference for overhand
grips with the preferred hand (all children in that study were right-
handed). In fact, already McCarty et al. (1999) had found relatively
low frequencies of underhand grips in their infant sample.
Taken together, two possible factors might play a role for the
appearance of the end-state comfort effect: planning and motor
requirements. As regards planning, infants seem to become able
to plan actions comprised of several steps in advance by the ﬁrst
half of the second year of life, at least as far as familiar actions
are concerned (Clifton et al., 1999). As regards motor requirements,
in most studies, underhand grips were rarely observed prior to
school age. Thus, maybe some studies failed to ﬁnd evidence of
an end-state comfort effect in preschoolers because of the high
motor requirements of the task and not due to a planning failure
on the children’s part. In order to try to clarify the relative contri-
bution of motor requirements to the expression of the end-state
comfort effect, we created a novel task that ﬁrstly, was unfamiliar,
so that habitual strategies could be excluded, had relatively high
precision requirements, and instantiated a type of end-state com-
fort that could be achieved by using a grip variation avoiding the
non-preferred underhand grip. Children were required to ﬁt a per-
pendicular bar with a narrow, ﬁtting end and a broad, unﬁtting end
into a perpendicular hollow cylinder in order to turn on a set of
lights. The orientation of the bar was varied across trials, so that
on half of the trials, the bar had to be rotated in order to succeed
on the task. Depending on the orientation of the bar, the end-state
comfort effect was favored by a grip with the thumb pointing
down (Fig. 1A), as opposed to a grip with the thumb pointing up
(Fig. 1B). Further planning was assessed by measuring in how far
variations in the orientation of the bar were mirrored in children’s
variations in grip height.
Fig. 1. A: Grip with thumb pointing down; B: Grip with thumb pointing up.
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How do children learn to act in an efﬁcient manner? One factor
that certainly plays a role is feedback from previous experiences:
correspondingly, strategy improvements occurred after repeated
trials of spoon use, so that a strategy insuring satisfactory outcomes
developed (McCarty&Keen, 2005). Analogously,Oztop, Bradley, and
Arbib (2004) have developed a computationalmodel of infant grasp
learning that renders the idea that early grasping develops by self-
regulated learning mechanisms quite plausible. Similarly, there is
much literature suggesting thatmanyaspectsofmotordevelopment
involve learning by experience (e.g. Berger & Adolph, 2007). In line
with this view, Boncoddo,Dixon, andKelley (2010) found that action
experience can have an inﬂuence on the emergence of motor
representations.
Alternatively, children might acquire efﬁcient action strategies
by observational learning. The role of observational learning for
the acquisition of motor skills has, for example, been emphasized
in the model by Scully and Newell (1985). In this context, observa-
tional learning is assumed to facilitate motor skill acquisition by
providing information for the assembly of a speciﬁc movement
pattern. Accordingly, in a meta-analysis, Ashford, Bennett, and Da-
vids (2006) found a signiﬁcant advantage of observational model-
ling over practice-only control conditions for the acquisition of
different new movement patterns in the case of adults. This was
especially true in the case of serial tasks requiring the performance
of sub-tasks in sequence. Whether this advantage holds for chil-
dren as well, is however unclear. Some studies seem to imply that
children observing models tend to learn more about movement
outcomes than about movement dynamics (i.e. means; Ashford,
Davids, & Bennett, 2007). Conversely, Fagard and Lockman (2010)
found beneﬁcial effects of modelling on manual skill acquisition
for 12-month-old infants. Other classical imitation studies show
that by 18 months children are willing to imitate novel and unu-
sual ways of accomplishing goals, such as turning on lights with
their heads instead of their hands (Meltzoff, 1988). Similarly, in
studies involving tool-use, 2-year-old children tend to imitate the
exact problem-solving strategy demonstrated by a model. Nielsen
(2006) found that between 18 and 24 months children will begin
to copy modelled tool-use events quite faithfully and by 24 months
will be more likely to imitate the means of an action than just to
reproduce the end-state of an action by using idiosyncratic means.
Thus, by 24 months at the latest, children can learn novel tool-use
strategies by imitation. But again, there seems to be some variance,
showing that some children use idiosyncratic strategies (e.g. Nag-
ell, Olguin, & Tomasello, 1993; Whiten, Custance, Gomez, Teixidor,& Bard, 1996) or under some circumstances fail to copy the exact
action style (Carpenter, Call, & Tomasello, 2005). Thus, it is unclear
which aspects of movement acquisition beneﬁt from observation,
that is whether and under which circumstances children copy ex-
act movement patterns as opposed to global strategies. While most
extant imitation studies concern global aspects of the acquisition
of strategies for successful task performance, in Study 3 we asked
whether children would imitate more local aspects of modelled ac-
tions, such as a speciﬁc type of grasping, when these actions were
particularly efﬁcient.
4. Study 1
The ﬁrst study was concerned with establishing the emergence
of different aspects of end-state comfort in children’s own planning
and performance. Given that infants have been shown to begin to
consider aspects of efﬁciency around 19 months, we chose 18-
month-old, 24-month-old and 3-year-old children as participants
for this ﬁrst study.
4.1. Method
4.1.1. Participants
Participants from the younger two age-groups were recruited
by obtaining their birth records from local municipal councils
and neighboring communities and contacting their parents by
mail. Three-year-olds were recruited from local kindergartens. In
all cases, informed consent from the parents was obtained before
the experimental session.
The ﬁnal sample consisted of 81 children, 36 18-month-olds, 25
24-month-olds, and 20 42-month-olds. The group of 18-month-
olds consisted of 15 female and 21 male subjects with a mean
age of 18 months 15 days (range = 17,29–19,18). Seven additional
infants not included in the ﬁnal sample because they were shy
and unwilling to cooperate.
The group of 24-month-olds, consisted of 12 female and 13
male subjects with a mean age of 24 months 6 days (range:
22;18–25;20). Eight additional infants were not included in the ﬁ-
nal sample due to shyness and lack of cooperation.
The group of 42-month-olds consisted of 13 male and 7 female
subjects (range = 36–47 months).
4.1.2. Apparatus
The apparatus consisted of two main pieces, a metal bar, and a
gray veneer plywood (50  30 cm) on which two items were ﬁx-
ated at a distance of approximately 23 cm: a hollow metal cylinder
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and had one narrow (diameter: 2.4 cm) and one broad (diameter:
6 cm) end. It was striped black and white with a spacing of 1 cm.
The stripes allowed a subsequent quantitative recording of grip
height by inspection of the videos. The metal ring on the plywood
served as holder for the bar which was placed with its narrow end
in the ring in the ‘‘baseline’’ condition (see procedure section). The
metal cylinder was 7 cm high with the diameter of its opening
being 3 cm. Around its base protruded a ring of 12 red diodes that
could be lightened by inserting the bar into the cylinder. Crucially,
only the narrow side of the bar ﬁtted into the cylinder, and thus
was functional for eliciting the light effect.4.1.3. Procedure
In case of the younger two age-groups, children and their par-
ents were invited to the lab where children were tested individu-
ally with parents present. Children sat at a table on their parent’s
lap, opposite to the experimenter. Parents were instructed to
encourage interaction with the experimenter, but else to refrain
from helping their child with the task or giving any task-relevant
comments. The ﬁrst phase consisted of free play with different toys
during which the experimenter and the child established interac-
tion. Information about the child’s dominant hand was gained by
handing out objects and registering the hand with which the ob-
jects were grasped preferentially. When the experimenter judged
the child to be comfortable, she took the apparatus, and drew the
child’s attention to it. The experiment always started with the
‘‘baseline-condition’’ that served to acquaint the child with the task
and consisted of an easy transfer. The bar was positioned with its
narrow end pointing down, supported by the ring (Fig. 2). The
experimenter grasped the bar, lifted it and put it into the cylinder,
which caused the diodes to light up. This event was modeled twice
to the child. Subsequently, the bar was returned to its starting po-
sition and the apparatus was placed in front of the child, with the
bar positioned in front of the child’s dominant hand. The experi-
menter then encouraged the child to perform the same action by
saying ‘‘It’s your turn. Can you try to switch on the lights?’’ The
parent was instructed to try to hold back the child’s non-dominant
hand in order to encourage the child to solve the problem unima-
nually. This was done because the grip adaptation apparent in the
end-state comfort effect makes particular sense if the bar is
grasped with one hand. Furthermore, the scaling of grip-height re-
quired a one-handed grip: treating an adjustment of grip-height as
an anticipatory step to goal-fulﬁllment would only make sense if
the action was not disrupted by intermediate steps, such as
hand-switches, because the grip could be readjusted after the
hand-switch and this would invalidate the ﬁrst measure. If, after
several trials, the child was unable to perform the task with oneFig. 2. Baselinehand, the other hand was released and the child was allowed to
use both hands.
Subsequently, the ‘‘reverse condition’’ followed: the experi-
menter positioned the bar with its broad end on the board and
the narrow end pointing up (Fig. 3) and, positioned the set-up in
front of the child. The experimenter did not model any action but
just encouraged the child to ‘‘switch on the lights again’’. In order
to succeed in this condition, the child had to anticipate that a rota-
tion of the bar was necessary. Furthermore, two types of grip adap-
tations were helpful. First of all, as opposed to the baseline
condition, where a relatively high grasping point relative to the
board was advantageous, in the reverse condition ﬁtting the bar
into the cylinder was easier when it was grasped relatively low,
near its base. Moreover, in order to ﬁnish the movement in a com-
fortable posture at the end, with the thumb pointing up, it was
necessary to grasp the bar with the thumb oriented down, towards
its base. In principle, this task could be solved by using a transverse
palmar grip that has been found to emerge sometime after the
beginning of the second year of life (Connolly & Dalgleish, 1989;
Van Roon, Van der Kamp, & Steenbergen, 2003), and adjusting
hand orientation.
Children were presented with the baseline and the reverse con-
ditions for three times in alternate order, making up six trials alto-
gether. If they were reluctant to touch the bar, infants were
encouraged to reach for it.
Testing of the 42-month-olds differed only with respect of the
testing location, which was a separate room of the kindergarten.
They were verbally requested to refrain from using their non-
dominant hand.
4.1.4. Measures
Infants’ attempts at grasping were videotaped by a second
experimenter and reanalyzed off-line. Several measures were ex-
tracted from the data.
4.1.5. Strategy choice
Similar to McCarty et al. (1999) a global measure of solution
strategy on reverse trials was obtained based on the data. It ex-
pressed in how far the child succeeded on reverse trials and how
she performed the task. The resulting score describes children’s
best performance across all trials. The ﬁve categories identiﬁed
were ‘‘incorrect strategy’’, ‘‘feedback strategy’’, ‘‘bimanual strat-
egy’’, ‘‘starting-state comfort strategy’’ and ‘‘end-state comfort
strategy’’. Children assigned to the ‘‘incorrect strategy’’ group did
not solve the task on any of the reverse trials, trying to insert the
wrong end of the bar into the cylinder without correcting them-
selves. ‘‘Feedback strategy’’ indicated a trial-and error strategy,
where children succeeded in solving the problem only after havingcondition.
Fig. 3. Reverse condition.
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Fig. 4. Study 1: Strategy distributions.
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strategy’’ indicated that children were only able to solve the task
by using both hands. This might correspond to a ‘‘partially planned
strategy’’ (McCarty et al., 1999), because children in this condition
solved the task in a two-step manner. The ‘‘starting-state comfort
strategy’’ meant a strategy where children solved the problem
unimanually but failed to adjust their grip in an ‘‘end-state com-
fort’’-like manner (thumb down). Finally, the ‘‘end-state comfort
strategy’’ was the most advanced strategy, implying that the child
used only one hand and started the movement with an uncomfort-
able, thumb-down grip (Fig. 1A). Strategies were mutually exclu-
sive. All strategies were coded from videotapes by a primary
observer. An independent observer recoded the tapes of 30 chil-
dren (10 from each age group). For the assessment of the inter-
rater-reliability Cohen’s kappa was calculated. The resulting value
k = .91, indicates almost perfect agreement between the raters.
4.1.6. Grip height
Grip-height was rated on those trials on which children dis-
played a starting-state comfort strategy at minimum. We reasoned
that in cases where intermediate steps between ﬁrst grasp and goal
state were inserted (as for example in bimanual grasping) or the
goal state was never achieved, grasp height was no longer a valid
indicator of the planning processes concerning the end-state. To
obtain a measure of grip height, videos were analysed frame by
frame, and the grip point was identiﬁed at the time of the ﬁrst
enclosure of the bar. Grip height was calculated by identifying
the lowest and the highest rings on the bar covered by the subject’s
hand and adding 50% of the difference to the lower value. For each
subject means were calculated across trials, both for the baseline
and the reverse conditions, based on the data of the primary
observer.
To assess the reliability of the coding, the videos from 30 chil-
dren (10 from each age group) were recoded by an independent
observer and Pearson product-moment correlations between the
values found by the two observers on single trials were calculated.
The inter-rater-reliability was very high, r = .95.
4.2. Results
4.2.1. Strategy choice
As a ﬁrst step, we performed a descriptive analysis of percent-
ages of children using each of the ﬁve strategies speciﬁed in the
methods section on trials of the reverse condition (Fig. 4; during
the baseline condition, all children grasped with the preferred
transverse palmar grip and the thumb oriented upwards – this
was adequate for this condition). Each child was credited the high-
est strategy produced across all trials. In the 18-month-old sample,the distribution of strategies across the sample indicated that
nearly 20% of the infants consistently approached the problem
with a incorrect strategy, i.e. they never solved the problem. Only
few used a feedback-strategy, thus learning from trial and error.
19.4% of the children used a bimanual strategy, and nearly half of
the sample displayed at least one instance of a starting-state com-
fort strategy, that is, grasped the bar with one hand and rotated it
in order to then successfully insert it into the cylinder. Finally, only
3 children (8.3%) spontaneously produced the end-state comfort
strategy.
The strategy distribution in the 24-month-old group differed
somewhat (see Fig. 4). First, no child failed to rotate the bar, more
children relied on a feedback-strategy, and the majority of children
used a starting-state comfort strategy. Interestingly, no child spon-
taneously produced the end-state comfort strategy: children al-
ways grasped with the thumb oriented upwards as they had
done during the baseline condition. Finally, in the group of 42-
month-olds, the majority of children (60%) produced the end-state
comfort strategy as highest-level strategy, while the rest produced
the starting-state comfort strategy. In order to test for signiﬁcant
differences between the distributions of strategies between the
age-groups, chi-square tests were performed. We found signiﬁcant
differences in the strategy distributions between the groups of 18-
and 24-month-olds, v2(4) = 13.88, p < .01, as well as between the
groups of 24-month-olds and 42-month-olds v2(3) = 21.86,
p < .001.
Further we tested whether the differences in distributions cor-
responded to an improvement of strategies with age. Strategy was
treated as an ordinal variable and entered into a Kruskal–Wallis
test with age-group (18 months, 24 months, 42 months) as be-
tween-subjects variable. This analysis yielded a highly signiﬁcant
result, v2(2) = 26.92, p < .001, indicating that the three age-groups
differed in the chosen strategy-level. Two Mann–Whitney U-tests
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fered signiﬁcantly from each other. The comparison between 18-
and 24-month-olds yielded no signiﬁcant differences in the rank
of strategies chosen, Mann–Whitney-U = 365.5, p > .10. In contrast,
there was a highly signiﬁcant difference in the rank of strategies
chosen between the 24- and the 42-month-olds, Mann–Whitney-
U = 80.0, p < .001. Evidently, the overall signiﬁcance between the
three groups mainly resulted from the fact that the 42-month-olds
as a group employed more often higher-level strategies, than chil-
dren in the younger two age-groups.Fig. 5. Study 1: Grip height on baseline and reverse trials.4.2.2. Grip height
The secondmeasure was children’s grip height adaptation in the
reverse condition as compared to the baseline condition. Only the
data of the children who had produced strategy 4 or higher at least
once (20 children of each group), and only the trials on which they
produced this strategy were analyzed. A mixed-model analysis of
variance with condition (baseline/reverse conditions) as within-
subjects variable and age-group (18, 24, 42 months) as between-
subjects variablewas calculated. It yielded a highly signiﬁcant effect
of condition, F(1, 57) = 19.83, p < .001, and neither a signiﬁcant
interaction between age-group and condition, F(2, 57) = 1.79,
p > .10, nor a main effect of age-group, F(2, 57) = 2.1, p > .10. As ex-
pected, childrengrasped thebar at ahigherpoint in thebaseline con-
dition (M = 8.99, SE = .45) than in the reverse condition (M = 6.21,
SE = .34). In order to test whether this pattern of adjustment held
true for each individual age-group, we conducted single t-tests for
paired samples. The data of the 18-month-olds do not indicate a sig-
niﬁcant grip height adaptation, t(19) = 1.30, p > .20, although the
general pattern corresponds to that found in the other two age-
groups: 18 month-olds grasped higher in the baseline condition
(M = 8.95 cm, SE = .77) than in the reverse condition (M = 7.54,
SE = .66). In contrast, there was a signiﬁcant difference in grasp
height between conditions for the 24-month-olds, t(19) = 3.41,
p = .003, as well as for the 42-month-olds, t(19) = 3.07, p = .006
(Fig. 5). In order tomake these datamore comparable to the strategy
choice data, we calculated the percentages of infants in each age-
group that showed the expected grip-height pattern (higher grip
point in baseline than in the reverse condition). This analysis shows
that of 20 18-month-olds only 11 (55%) show the expected pattern,
while in each of the other two groups 15 of 20 children (75%) do so.
Binomial tests indicate that the result in the group of 18-month-olds
is not signiﬁcantly different from chance (p > .80), while it is signif-
icant in the other two age-groups (p’s < .05, respectively).4.3. Discussion
The results indicate development in different efﬁciency mea-
sures. Firstly, the analysis of the global strategy measure revealed
that, with age, children becomemore successful at solving the prob-
lem and use progressively efﬁcient strategies. Thus, in the 18-
month-group a substantial amount of children never solved the
problem,while in the 24-month-group this categorywas altogether
absent. It is important to state that ourmeasurewas quite lenient, as
children were credited the highest strategy produced across all tri-
als. This means that, for example, among the 24-month-olds there
were also children who at some trials did not succeed in solving
the problem. However, there was no child who never solved the
problem. In the24-month-samplewealso foundahigherpercentage
of children who proﬁted from feedback as compared to the 18-
month-olds. The by far dominating strategy in the group of 24-
month-olds was the starting-state comfort strategy. Although the
distribution of the 24-month-olds seems to suggest the use of high-
er-level strategies than in the group of 18-month-olds, this differ-
ence was not statistically reliable. This can be explained by the factthat three18-month-oldsproduced thehighest-level strategy,while
no 24-month-old did. Thus, the 24-month-olds show a more stable
pattern of strategies that are generally on a higher level than those
chosen by children in the 18-month-group, who display amore var-
iable pattern. Most crucially, the use of an end-state comfort type of
grip adaptation does not seem to appear reliably until the age of
3 years. The latter group is characterised by the use of only the high-
est strategies possible.
Our second efﬁciency measure, grip height adaptation, develops
earlier, with a developmental trend: the difference in grip heights
between the two conditions was only signiﬁcant for the 24-month-
olds and the 42-month-olds, but not for the 18-month-olds. Thus,
grip height adaptation seems to become reliably observable
around 24 months of age. However, there is one alternative expla-
nation for this latter pattern of ﬁndings: children could have had
speciﬁc grasping preferences related to the respective position of
the bar (narrow end up vs. down), but unrelated to the task. They
could have grasped the bar at a higher point in the baseline condi-
tion due to some perceptual bias or due to demands of object stat-
ics, but not because this would enable them to insert the bar into
the cylinder more easily. In order to test for this possibility, we
conducted a control study, in which children only had to grasp
the bar without the additional task to insert it into the cylinder.5. Study 2: grip height control
5.1. Participants
For the control study, a group of 24-month-olds was recruited
as described above. We chose this group because it was the youn-
gest to show the effect. It consisted of 15 infants, 9 male and 6 fe-
male with a mean age of 24 months 4 days (range: 23;20–24;18).5.1.1. Apparatus and procedure
The apparatus described in Study 1 was used, with the excep-
tion that the opening of the cylinder was closed with tape so that
it did not encourage the insertion of the bar. The procedure corre-
sponded in great parts to that in Study 1. Children sat in front of
the apparatus and were asked to grasp the bar. The orientation of
the bar was varied from trial to trial for six trials altogether. The
critical difference as compared to Study 1 was that children’s
attention was drawn exclusively to the bar and infants were not
encouraged to put the bar into the cylinder (which was impossible,
anyway, as the cylinder was closed with tape).
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Grip height was measured according to the procedure speciﬁed
in Study 1. The inter-rater-reliability between coders was high,
r = .87.
5.2. Results
We compared the mean grip heights in the two conditions. A t-
test revealed no signiﬁcant difference between the grip height on
baseline (M = 8.08, SD = .66) and reverse trials (M = 8.34,
SD = .63), t < 1. In order to obtain a direct comparison with Study
1, we performed a joint ANOVA based on the data from the 24-
month-olds, with condition (baseline/reverse) as between-subjects
variable and group (Study 1/control study) as between-subjects
variable. This analysis revealed a signiﬁcant main effect of condi-
tion, F(1, 33) = 6.70, p = .014, and a highly signiﬁcant interaction
between group and condition, F(1, 33) = 8.50, p = .006, indicating
that the response patterns of the two groups were signiﬁcantly dif-
ferent. The main effect of group was not signiﬁcant, F(1, 33) = 1.06,
p > .30.
5.3. Discussion
The results of the control study indicate that outside the task
context, infants’ grip heights did not differ in the two bar orienta-
tion conditions. The clear-cut condition effect from Study 1 disap-
peared altogether. That the patterns of the two groups of
participants clearly diverge is also underscored by a signiﬁcant
interaction between condition and group. In sum, these results
speak in favour of an interpretation of the grip height effect as a va-
lid measure of planning.
In the next study, we were interested in examining whether the
development of grip adjustment can be promoted by observational
learning. We ﬁrst measured children’s spontaneous strategies on
the same problem as in Study 1 and during subsequent trials mod-
elled an efﬁcient way of solving the problem. The question was
whether and to what extent children would proﬁt from this dem-
onstration. In order to examine a crucial age-range we concen-
trated on the two younger age-groups, 18- and 24-month-olds in
this study.
6. Study 3
6.1. Subjects
Thirty-four children participated in this study, 17 18-month-
olds (mean age: 18 months, 18 days; range: 18;06–18;30) and 17
24-month-olds (mean age: 24 months, 17 days; range: 23;25–
25;16). Of the 17 18-month-olds 12 were boys and 5 girls. The
group of 24-month-olds consisted of 9 boys and 8 girls. Four addi-
tional 18-months-olds and 5 24-month-olds were invited but not
included in the analyses because of shyness and refusal to partici-
pate (4 18-month-olds, 3 24-month-olds) or due to interference by
a parent (2 24-month-olds).
6.1.1. Apparatus
The apparatus was the same as described in the method-section
of Study 1.
6.1.2. Procedure
The study consisted of two phases: a ‘‘spontaneous phase’’ that
was mostly analogous to Study 1 and served to investigate chil-
dren’s spontaneous performance on the task and a ‘‘demonstration
phase’’ in which children were demonstrated how to perform the
transfer, and the extent of strategy change was tested.The spontaneous phase resembled the ‘‘baseline-condition of
Study 1. The easy transfer was shown twice to the child. However,
in order to minimize the inﬂuence of experience with the appara-
tus on performance, children were not given the opportunity to
reproduce the easy transfer. Instead, the experiment immediately
proceeded with the reverse condition. The second difference con-
cerns the way the change of set-up between conditions was done.
In Study 1 no care was taken to conceal the rotation of the bar that
was necessary to bring it back into the right position between trials
(when the bar was extracted from the cylinder). In contrast, in
Study 2, the rotation of the bar was hidden from view behind the
experimenter’s back. This was again done in order to obtain a con-
servative measure of children’s abilities. After having positioned
the bar in the reverse condition, aligned with the child’s dominant
hand (Fig. 3), the experimenter asked the child ‘‘Can you do that as
well? Can you switch on the lights?’’. Children were given two tri-
als and their spontaneous strategies were registered (‘‘spontaneous
condition’’).
In the ‘‘demonstration phase’’ the experimenter took over the
apparatus and drew the child’s attention to it by saying: ‘‘Look,
how I’m doing it!’’ Then she grasped the bar with her thumb point-
ing down (end-state comfort) and transferred the bar to the cylin-
der. This was demonstrated twice in order to insure that the child
was paying attention to the way the action was carried out. Subse-
quently, the set-up was placed in front of the child and the child
was asked: ‘‘Can you do it the same way as I did before?’’. On the
following test trial, the child was again confronted with the reverse
condition and had the opportunity to perform the transfer himself.
This sequence, consisting of two demonstrations and one test trial
was repeated 4 times, and children’s transfer strategies were
registered.
6.1.3. Measures
Children’s attempts were videotaped by a second experimenter
and reanalyzed off-line. The interesting measure in this study was
strategy choice on reverse trials before and after demonstration. In
correspondence to Study 1, a global strategy measure was obtained
from the data. Children were given a score for their performance at
spontaneous and demonstration trials corresponding to their high-
est performance across all trials of the respective condition. As in
Study 1, all strategies were coded from videotapes by a primary ob-
server. Subsequently, an independent observer recoded the tapes
of 10 children (29% percent of the overall sample: 5 18-month-olds
and 5 24-month-olds). For the assessment of the inter-rater-reli-
ability Cohen’s kappa was calculated, k = .95.
6.2. Results
First we performed a descriptive analysis of percentages of chil-
dren using one of the ﬁve strategies speciﬁed in the methods sec-
tion of Study 1. Among the 18-month-olds, a great majority of
children (70%) spontaneously approached the problem with an
incorrect strategy, while only 17.6% of the children displayed at
least one instance of a starting-state comfort strategy (Fig. 6). Fi-
nally, no child spontaneously produced the end-state comfort
strategy. After demonstration, the distribution of strategies was
quite different: no child displayed a false or feedback strategy,
23.5% used the bimanual strategy and by far the largest part of
the children, 70.6% used a starting-state comfort strategy. Interest-
ingly, there was one child (making up 5.9% of the group) showing a
grip adaptation corresponding to the end-state comfort effect after
demonstration.
6.2.1. Conditions
For statistical analysis, strategy was treated as an ordinal vari-
able and submitted to a Wilcoxon-test comparing 18-month-olds’
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Fig. 6. Study 3: Strategy distributions across the spontaneous and demonstration.
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signiﬁcant difference between the two conditions: children em-
ployed signiﬁcantly higher strategies after demonstration as com-
pared to spontaneous performance, Z = 3.36, p = .001. In order to
test for eventual training effects across demonstration trials, in a
further test we compared the highest performance across the ﬁrst
block (ﬁrst two test trials) with the highest performance across the
second block (last two test trials) by submitting data again to a
Wilcoxon test. There was however no signiﬁcant difference be-
tween blocks, Z = 1.67, p > .05.
In the group of 24-month-olds the strategy distribution (Fig. 6)
in the spontaneous phase revealed a relatively low percentage of
children applying an incorrect strategy, and a majority using a
starting-state comfort strategy. No child spontaneously produced
an end-state comfort strategy. On the trials after demonstration,
the strategies changed. Thus, no child used a false or feedback
strategy, while 11.8% acted bimanually on the bar. Most of the chil-
dren (82.3%) displayed a starting-state comfort strategy, with one
child (5.9%) showing a grip adaptation. A Wilcoxon test yielded a
signiﬁcant difference in strategy choice between conditions: chil-
dren’s strategies improved after demonstration, Z = 2.07, p < .05.
Comparing performance during the two test blocks did not indicate
an improvement within the demonstration condition, Z = 1.41,
p > .10.
6.3. Discussion
The differences between strategies used spontaneously and
after demonstration indicate a signiﬁcant improvement in strategy
choice, and thus a signiﬁcant learning effect in both age-groups.
Children indeed proﬁted from the demonstrations, being able to
master the task after the demonstration more easily. However,
concerning an end-state comfort type of grip adjustment, the data
do not indicate a learning effect. Although children were shown
how to perform the transport and their attention was drawn to
the way the experimenter performed the grip, children did not imi-
tate the grip type, except for one child in each age-group. This indi-
cates that children mainly learned about global aspects of the task
by observation, as, for example, that the bar has to be rotated,
rather than learning details concerning the speciﬁc grip type. As
the use of the grip type did not necessarily inﬂuence the success
of the task, children may have chosen the most stable grip type.
Furthermore, children’s performance did not improve across blocks
of test trials, indicating that once they had acquired a successful
strategy, they retained it.
One striking result is the relatively low performance of the 18-
month-olds in the spontaneous condition as compared to the 18-month-olds from Study 1. Whereas in Study 1, for example, only
about 20% of the children applied an incorrect strategy, in Study
3 70% did so. This difference is likely due to the procedural differ-
ences introduced in Study 3. Thus, children in Study 1 may have
proﬁted from observing the experimenter rotate the bar in order
to replace it into position between trials. Thus children might have
noticed the relevant ‘‘mechanics’’ of the task right from the begin-
ning and started with a better problem representation. This again
supports the ﬁnding that by observing another person, children
can learn task-relevant actions, or a general problem-solving strat-
egy. However, this procedural difference did not inﬂuence chil-
dren’s acquisition of an adequate grip.
7. General discussion
The present studies investigated the development of efﬁcient
motor planning in three age groups, 18, 24, and 42 months, with
a speciﬁc focus on the end-state comfort effect. The task required
the transfer and insertion of a bar into a cylinder. Children’s antic-
ipatory adaptation to the task demands, qualitative in terms of grip
type and quantitative in terms of grip height, was measured, as
well as their spontaneous strategy choice and its improvement
after the demonstration of an efﬁcient strategy.
Concerning spontaneous strategy choice as a general indicator
of the extent to which children’s actions were goal-directed and
planned, the results reveal sophisticated planning strategies al-
ready among 18-month-olds, which strongly improved by 3 years
of age.
Regarding the development of planning efﬁciency, data reveal
improvements in the consideration of quantitative (grip type), as
well as qualitative (grip height) aspects. Thus, by 24 months of age,
children displayed a signiﬁcant adaptation of grip height as a func-
tion of the bar’s orientation. As regards grip type adaptation accord-
ing to the end-state comfort effect, a reliable rate of grip adaptation
in the reverse condition was observed among the 42-month-olds,
although sporadically it was also produced by some 18-month-olds.
Interestingly, 24-month-olds never produced a corresponding grip
adaptation spontaneously. Thus, grip type adaptation seems to be
subject to a protracted development,with hugedifferences between
individual children starting from18 months, and toﬁnally emerge in
a more stable fashion around 3 years of age.
Which factor could account for the age-related changes in mo-
tor efﬁciency found in our sample? As stated in the introduction,
two factors could play a role in the development of efﬁcient motor
planning, namely motor requirements and cognitive demands, i.e.,
planning. First of all, it is important to note that our aim to reduce
motor requirements was successful, as the end-state comfort effect
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Manoel and Moreira (2005), for example, attributed children’s
low performance in their task to a strong dominance of the right
overhand as opposed to an underhand grip in all conditions, we
developed a set-up that allowed for grip adaptation without
requiring underhand grips. Furthermore, children were allowed
to grasp with their dominant hand each time. These changes in
motor requirements might have enhanced children’s performance.
Another difference between the present studies and the studies
with older children is that these authors looked for stable and con-
sistent grip choices across conditions, while the focus of the pres-
ent study was on the question of when the consideration of
efﬁciency begins to emerge at all.
For the 24-month-olds, however, the manipulation concerning
the motor requirements seems to have been insufﬁcient. While
this group was quite adept at considering some aspects of efﬁ-
ciency, i.e., grip height adaptation, there was virtually no indication
of an adaptation of the hand-conﬁguration. Here, differences in
planning and/or motor requirements could explain the differences
in performance between the age-groups. As regards planning,
while probably most 42-month-olds in the present study were able
to integrate all relevant aspects of the action into their representa-
tions and therefore, the 24-month-olds might have been only par-
tially able to do so. Thus, 42-month-olds had resources to think
about the details of an advantageous implementation – eventually
we observed some children actively trying out the best way to
grasp the bar. This speaks in favor of planning ﬂexibility. In con-
trast, in case of the 24-month-olds the production of an adequate
hand-conﬁguration might either have been compromised by a lack
of cognitive resources to include a further variable in their action
plan, or by the need for a stable (preferred) grip at the beginning
of the movement in order to succeed in the transport task. Thus,
24-month-olds might have achieved higher stability with a less
sophisticated grip type, and kept the stable grip type instead of
changing the equally effective grasping patterns for the sake of efﬁ-
ciency. Whatever the reason, 24-month-olds were less ﬂexible in
their performance than the 42-month-olds, as they did not try to
approximate the demonstrated grip – either they produced it or
they did not. The fact that in our study already 24-month-old chil-
dren varied their grip height according to the speciﬁc condition,
however, supports the idea that when motor requirements are
low – adjustments of grip-height required no qualitative changes
in grip type – already young children are able to consider aspects
of efﬁciency.
Remarkably, in the youngest sample, there were a few 18-
month-olds who produced the required grip adaptation. However,
many infants obviously struggled with the task, and those who
succeeded mostly did not show end-state comfort planning. In
our view it is plausible to assume that the greater part of the in-
fants were occupied with planning successful task performance
and had little free cognitive resources to consider efﬁciency. They
were probably primarily concerned with producing the global
end-state at the expense of considering the means. As opposed to
the task given in the study by McCarty et al., our task was novel,
and habitual solutions were unavailable, so infants might have
been at a disadvantage on the present task. In line with this argu-
ment, Cox and Smitsman (2006) have found that 2-year-olds’ plan-
ning in tool-use depends to some extent on the salience of the
tool’s affordance. As the affordance of a spoon should be detected
more easily than that of an asymmetrical bar, this might account
for the difference in task performance. In terms of McCarty
et al.’s terminology, children might thus have fallen back on a ‘‘par-
tially planned strategy’’. Additionally, it has been found that chil-
dren master self-directed tasks (as e.g. eating) earlier than other-
directed tasks (McCarty, Clifton, & Collard, 2001), which would
be more representative of the present task. Altogether, the taskrequirements of our study might have masked some of the chil-
dren’s abilities. However, it seems plausible to assume than an
important developmental step in motor planning occurs between
18 and 24 months.
In sum, we would speculate that both factors, motor require-
ments, as well as cognitive requirements – the extent to which
children were able to integrate the different steps into a coherent
action plan – were responsible for the present results. Further-
more, the pattern of the ﬁndings might be interpreted as suggest-
ing that children proceed from planning global aspects of actions to
incorporating intermediate steps, and ﬁnally motor details into
their plans with increasing age. Although the task as such was
somewhat complex in the sense that it challenged children to plan
action components at different hierarchical levels, from planning
the global end-state (lights on), to planning intermediate steps
(rotating the bar) to planning detailed aspects of motor perfor-
mance (orientation of the hand and grip type), we found evidence
of efﬁcient adaptation even in some children of the youngest age-
group tested.
Regarding the acquisition of efﬁcient motor patterns, we found
no, or at best very scarce evidence for the possibility that 18- and
24-month-olds can learn a qualitative grip adaptation by observa-
tion. Thus, only one out of 17 children in each group improved
their performance after a demonstration by reproducing the mod-
elled grip type. However, in accordance with other studies cited
above showing that performance on speciﬁc tasks can be improved
by observation, demonstration led to a signiﬁcant improvement in
the general strategies applied by the children, suggesting that chil-
dren indeed proﬁted from observation. This suggests that observa-
tion improved children’s acquisition of global task-relevant motor
strategies (e.g. that it s necessary to rotate the bar), rather than
their acquisition of motor details. One quite plausible interpreta-
tion of this result is that the acquisition of efﬁcient motor patterns
is the result of self-regulated learning, which would be in line with
other ﬁndings (Berger & Adolph, 2007; Boncoddo et al., Oztop
et al.) Alternatively, children might have been biased towards
attending to the effects of the action, rather than the means. Corre-
spondingly, work by Bekkering, Wohlschläger, and Gattis (2000;
see also Carpenter et al., 2005), suggests that action representa-
tions are strongly determined by the planned outcomes, and that
this bias operates at the expense of representing surface move-
ment features when the end-state is salient and well-speciﬁed.
They had three- to six-year-old children imitate hand-to-ear move-
ments. Children almost always touched the correct ear, but very of-
ten substituted the required contralateral movement from hand to
ear with an ipsilateral movement, touching the correct ear with the
wrong hand. When however the salience of the movement was in-
creased, substitution errors were signiﬁcantly reduced. One might
argue that in the present studies, as well, the end-state, that is, the
lighting up of the cylinder, was salient and thus, children paid less
attention to procedural details if they were not absolutely neces-
sary for bringing about the end-state as in the case of the rotation
of the bar. The plausibility of this argument is, however somewhat
reduced by the fact that 42-month-olds – the same age-group that
had participated in the experiment by Bekkering et al., – obviously
had no problem ignoring the salient end-state.
One issue that remains unresolved is the relationship between
the two efﬁciency measures. The present data suggest that they
are independent, as the adaptation of grip height seems to occur
earlier in development. Further studies could test whether and
how they interact at later points in development.References
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